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ABSTRACT 
Kevin Lee Schrecengost: Geochemistry and U/Pb zircon geochronology of the Virgin Islands 
batholith, British Virgin Islands 
(Under the direction of Allen F. Glazner) 
 
The Virgin Islands batholith is a series of mid-crustal granitic rocks in an oceanic 
island arc. Here I present new whole-rock major- and trace-element compositions, Sr, Pb, 
and Nd isotopic data, zircon Hf-O isotopic data, and U/Pb zircon geochronology for the 
batholith. 
Zircon geochronology indicates that the batholith was assembled over !13 m.y. 
between 43.6 and 30.6 Ma with the emplacement of at least four discrete suites. The batholith 
is marked by spatio-temporal and geochemical patterns. Initial 87Sr/86Sr, "Nd(t), zircon "Hf(t), 
and zircon #18O suggest that the batholith evolved from mantle-derived melts with limited 
incorporation of isotopically evolved crustal components.  
Evidence from the batholith suggests that oceanic island arcs produce nascent 
continental crust that evolves toward average continental compositions.  This immature crust 
is likely a precursor to the production of continental crust that has yet to undergo further 
differentiation. This nascent stage provides an important step in continental crust production. 
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CHAPTER 1 
Introduction 
The formation of continental crust and the origin of granitic magmatism, a key 
building block of continental crust, remain fundamental problems in geology (e.g. Rudnick, 
1995; Petford et al., 2000; Brophy, 2008). The continental crust is consistently estimated to 
have an andesitic bulk composition (e.g. Taylor and McLennan, 1995; Rudnick, 1995; 
Wedepohl, 1995). Crustal growth models generally describe the accretion of oceanic island 
arcs of intermediate compositions as the predominant process by which the continents grow 
(Taylor, 1966; Condie, 1990; Rudnick, 1995; Condie and Chomiak, 1996). However, oceanic 
island arcs are dominated by mafic volcanism, whereas intermediate and felsic magmatism 
characterize the volcanic and plutonic products at continental margins (Rudnick, 1995; 
Jagoutz et al., 2009). 
Granitic magmatism is generally associated with the subduction of oceanic 
lithosphere beneath continental lithosphere, allowing for significant magmatic differentiation 
through fractional crystallization, partial melting, and hybridization with the continental crust 
(Hildreth and Moorbath, 1988; Pitcher, 1997). However, mid-crustal exposures of oceanic 
island arcs (e.g. Stork, 1984; Donnelly and Rogers, 1980; Greene et al., 2006; Jagoutz et al., 
2009) have been found to contain a significant component of granitic material that is not 
typically associated with subduction at oceanic island arcs (Rudnick, 1995). Exposures of 
these mid-crustal plutonic rocks, including the Virgin Islands batholith, provide insight into 
!" 
the production and character of granitic magmatism in oceanic island arcs and the maturation 
of nascent continental crust. 
Helsley (1960, 1971) and Longshore (1965) provided early descriptions of the Virgin 
Islands batholith, a collection of felsic plutonic rocks largely consisting of tonalite and 
granodiorite. The batholith is located throughout the British Virgin Islands at the eastern edge 
of the Greater Antilles, along the border of the Caribbean-North American plate (Fig. 1; 
Byrne et al., 1985). The Puerto Rico Trench, to the north, and the Muertos Trench, to the 
south, border the platform, which is separated from the Lesser Antilles by the Anegada Fault 
to the southeast (Byrne et al., 1985).  
Tectonic reconstructions of the Caribbean indicate that the Greater Antilles are the 
remnants of a long-lived oceanic island arc dating to the Cretaceous (Pindell and Barrett, 
1990; Pindell et al., 2006; Pindell and Kennan, 2009). Erosion of the islands of the Greater 
Antilles has exposed a number of mid-crustal plutonic rocks that record the intrusive history 
of the arc. Many of the intrusive bodies of the Greater Antilles have been studied in detail 
(e.g. Donnelly and Rogers, 1978; 1980; Donnelly et al., 1990; Lewis & Draper, 1990), but 
geochemical studies of the Virgin Islands batholith are limited (e.g. Smith et al., 1998; Lidiak 
and Jolly, 1998a; Frost et al., 1998). This study contributes new U-Pb zircon geochronology; 
major-, trace-, and rare earth element data; Nd, Sr, and Pb isotopic data; and zircon Hf and O 
isotopic data.
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Chapter 2 
Background 
 
The Greater Antilles are located along the northern boundary of the Caribbean 
plate where they adjoin the Bahamas platform of the North American plate (Fig. 1). The 
islands of the Greater Antilles are the products of arc magmatism that began in the Early 
Cretaceous and continued into the Oligocene. This magmatism owes its origin to 
subduction between the proto-Caribbean plate and the North American plate (e.g. 
Donnelly et al., 1990; Lewis and Draper, 1990; Kerr et al., 1999; Jolly et al., 2008). The 
plate tectonic dynamics of these interactions are unclear and remain heavily debated (e.g. 
Jolly et al., 2008; James, 2009; Pindell and Kennan, 2009). Current views of Caribbean 
tectonics suggest that the Caribbean plate originated in the Pacific as part of the Jurassic 
Farallon plate, requiring migration of the proto-Caribbean plate eastward during the 
opening of the Atlantic Ocean and separation of Africa from North and South America 
(Fig. 2; Pindell and Barrett, 1990; Pindell et al., 2006; Pindell and Kennan, 2009). 
Eastward migration of the proto-Caribbean plate resulted in subduction of oceanic 
lithosphere in ocean-ocean convergence zones and early island arc development, 
although the polarity of this early subduction is unclear (e.g. Pindell et al., 2006; Jolly et 
al., 2008; Pindell and Kennan, 2009). A number of arc polarity reversals of varying scale 
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ranging from the Cretaceous to early Oligocene have been proposed (e.g. Draper et al., 1996; 
Jolly et al., 1998b; Jolly et al., 2008; Pindell and Kennan, 2009). However, the subduction of 
oceanic crust from the Atlantic Ocean beneath the arc toward the south and east dominated 
the subduction history of the Caribbean (Fig. 2; Pindell and Kennan, 2009). 
Much of the magmatism associated with the Greater Antilles occurred during the 
Cretaceous, but magmatism in the eastern Greater Antilles, including the Virgin Islands, 
continued into the Oligocene (Donnelly et al., 1990; Jolly et al., 1998). Collision of the 
Greater Antilles arc with the Bahamas platform caused cessation of arc magmatism, with 
Cuba colliding during the Paleocene-Eocene (Pindell and Barrett, 1990) and Hispaniola 
during the Eocene-Oligocene (Joyce, 1991). This collision progressively shifted the 
subduction direction from north-south to east-west, causing a transition from perpendicular to 
oblique subduction beneath the Puerto Rico-Virgin Islands platform (Fig. 2; Pindell and 
Kennan, 2009; Smith et al., 1998). Ongoing collision continued the transition to sinistral 
transtension along the Puerto Rico trench and the opening of the Cayman trough 
(Rosencrantz and Sclater, 1987). Transtension along this boundary resulted in the 
concentration of magmatic centers along the northern boundary, counterclockwise rotation of 
the Puerto Rico and Virgin Islands platform by approximately 25°, and isolation from the 
main subduction zone during the Miocene (Fig. 2, Reid et al., 1991; Jolly et al., 1998b).  
The Puerto Rico-Virgin Islands platform represents the easternmost section of the 
Greater Antilles. Magmatism on this platform ranges in age from 120 Ma in Puerto Rico to 
24 Ma in the Virgin Islands (Smith et al., 1998). Stratigraphy in the Virgin Islands records 
volcanic and depositional activity since the Late Cretaceous that is punctuated by several 
unconformities and the intrusion of the Virgin Islands batholith (Helsley, 1960; 1971). The 
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Cretaceous Water Island Formation is a series of basalt, dacite, and rhyolite volcanic rocks 
that mark the beginning of arc development in the Virgin Islands (Helsley, 1971). The Water 
Island Formation is unconformably overlain by andesitic pyroclastic rocks of the Late 
Cretaceous and Eocene (Helsley, 1971). The dip of these formations varies systematically, 
south to north, from 50°S (overturned) to 15°N (Helsley, 1971). The Virgin Islands batholith 
has a total area of approximately 250 km2 based on inferred underwater extensions and the 
extent of metamorphic aureoles (Helsley, 1960). The batholith crops out on the islands of 
Virgin Gorda, Tortola, Little and Great Camanoe, Fallen Jerusalem, Scrub, Cooper, Salt, 
Beef, and Peter, a total land area of about 35 km2 (Fig. 3; Helsley, 1960; 1971; Longshore, 
1965). K-Ar and Ar-Ar total gas ages of mineral separates from the batholith range from 
approximately 60 to 24 Ma (Cox et al., 1977; Kessler and Sutter, 1979; Vila et al., 1986; 
Smith et al., 1998). Helsley (1960, 1971) and Longshore (1965) proposed that the batholith 
was emplaced during a single magmatic event as a shallow sill-like body. Emplacement of 
the batholith corresponded to the tectonic transition from perpendicular to oblique subduction 
in the Eocene to Oligocene, sinistral transtension in the Miocene, and finally migration of the 
arc to the southeast creating the Lesser Antilles (Fig. 2; Jolly et al., 1998b; Smith et al., 
1998). The exposed Virgin Islands batholith comprises approximately 65% tonalite, 25% 
granodiorite, and 10% gabbro (Longshore, 1965); these rocks are similar to other felsic 
intrusions in the eastern Greater Antilles (Donnelly and Rogers, 1978, 1980; Lidiak and 
Jolly, 1996; Smith et al., 1998). Several studies have provided extensive geochemical work 
on these felsic intrusions but relatively little data exist on the geochemistry of the Virgin 
Islands batholith beyond major element geochemistry and limited trace-element and isotopic 
analyses (e.g. Lidiak and Jolly, 1996; Frost et al., 1998; Smith et al., 1998).  
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Magma series throughout the Greater Antilles have been segregated into two groups, the 
primitive island arc series and the calc-alkaline series (Donnelly and Rogers, 1980). The 
primitive island arc series is analogous to the island arc tholeiite series in modern arcs 
(Hastie, 2009) and precedes the appearance of the calc-alkaline series where it occurs in the 
Greater Antilles (Donnelly and Rogers, 1980). The primitive island arc series has low REE, 
Th, U, Rb, K, and Ba concentrations and flat REE patterns across the full range of silica 
values (Donnelly and Rogers, 1980; Hastie, 2009), whereas the calc-alkaline series is 
enriched in incompatible trace elements and radiogenic isotope ratios (Hastie, 2009). In the 
Virgin Islands, the primitive island arc series is represented by the Cretaceous Water Island 
Formation and the Virgin Islands batholith are associated with the calc-alkaline series 
(Donnelly and Rogers, 1980; Lidiak and Jolly, 1996).  
Why there should be granitic magmatism in the northeastern Caribbean is unclear. 
Granitic bodies developing within oceanic crust though not unheard of, are unusual (Greene 
et al., 2006; Jagoutz et al., 2009). The crust beneath the Greater Antilles is relatively thick, 7-
10 km on average, and reaches up to 30-35 km (Case et al., 1990). This crustal thickness may 
arise from the presence of granitic material throughout the Greater Antilles; however, this 
thick crust may provide a mechanism by which granitic magmatism is produced (Annen et 
al., 2006). The directionality of the cause-effect relationship between crustal thickness and 
granitic magmatism in the Greater Antilles is uncertain.  
Smith et al. (1998) proposed that high geothermal gradients throughout the Upper 
Cretaceous and Lower Tertiary in the Puerto Rico and Virgin Islands platform allowed for 
partial melting of early island arc materials in the lower crust during transpressive 
downbuckling of the arc, creating granitic melts that were emplaced in the upper crust along 
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shear zones in Puerto Rico. This transpressive regime ended by the Eocene requiring a 
different emplacement mechanism for the Virgin Islands batholith (Smith et al., 1998). 
During the Eocene-Oligocene, the direction of subduction transitioned from perpendicular to 
oblique convergence that created room for the intrusion of partial melts into the upper crust 
(Smith et al. 1998).
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Chapter 3 
Methods 
Sampling  
Sample collection and was conducted in May 2008. Exposure of the batholith is largely 
limited to shoreline outcrops with limited access, but several construction sites and road cuts 
allowed for fresh exposure on Virgin Gorda, where sampling was focused. Additional 
sampling occurred on the islands of Peter, Beef, the Dogs, Little Camanoe, Norman, Cooper, 
and Tortola. Hand samples and geochemical samples (typically 1 kg of fresh rock chips) 
were taken at each collection site. Geochronology samples (typically 2 kg of rock chips) 
were gathered at seven locations. All samples were examined in thin section under a 
petrographic microscope and named based on IUGS classification (Appendix A). 
Geochemistry 
To characterize petrologic, geochemical, and geographic diversity within the 
batholith thirteen samples were selected for geochemical analysis based on lack of obvious 
alteration. Geochemical samples were ground to powders using a steel jaw crusher and 
ceramic shatterbox. Whole-rock powders were sent to Activation Laboratories Ltd. for major 
and trace element analysis. Samples were processed using lithium metaborate/tetraborate 
fusion. Major-elements and Ba, Sr, Y, Zr, Sc, Be, and V were analyzed using inductively 
couple plasma atomic emission spectroscopy and the remaining trace elements were analyzed 
by inductively coupled plasma-mass spectrometry. 
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Whole-rock Sr, Nd, and Pb isotopic ratios were determined using a VG Sector 54 
thermal ionization mass spectrometer at the University of North Carolina at Chapel Hill. 
Sample powders were dissolved in hydrofluoric acid and cations were separated using 
standard column chemistry. Strontium was separated using Sr-spec resin. Anion exchange 
chromatography was used to separate Pb. Neodymium was isolated in two stages. The first 
stage used Re-spec for bulk separation of REE and the second separated Sm from Nd using 
methylactic acid chemistry (Devine, 1969). Samples were loaded on single Re filaments. 
Strontium and Pb were analyzed as metals, and Nd was analyzed as an oxide. Lead ratios 
were corrected for fractionation by 0.12% per amu based on internal lab standards. Whole-
rock Pb ratios are not age corrected due to Pb concentrations below detection limits in all but 
one sample. Analytical precision of Sr, 0.000000008 (2!), is based upon replicate analyses of 
the standard NBS987. Analytical precision of Nd, 0.512098 ± 0.000018 (2!), is based upon 
replicate analyses of the standard JNdi (Tanaka et al., 2000). Strontium ratios were 
normalized to 86Sr/88Sr = 0.1194. Neodymium ratios were normalized to 146Nd/144Nd = 
0.7219. Samples were not spiked for isotope dilution; concentrations of Rb, Sr, Sm, Nd, and 
Pb were obtained from geochemical analysis at Activation Laboratories Ltd. 87Sr/86Sri and 
"Nd(t) indicate values corrected to the age of the sample as reported in Table 3. Epsilon Nd 
values were calculated using 143Nd/144Nd(CHUR) = 0.512638 and 147Sm/144Nd(CHUR) = 
0.1967.   
Zircon mineral separates from VG-01 (North Sound), BI-26 (Beef Island), VG-05 and 
VG-06 (Baths), and PI-13A (Peter Island) were analyzed by Charlotte Allen at the Australia 
National University using laser ablation inductively couple plasma mass spectrometry for Hf 
and O isotopes (Table 5). Hafnium isotopes were corrected for age using results of this study 
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and laser ablation inductively coupled plasma mass spectrometry zircon ages of the same 
sample. Analytical errors are reported as one standard deviation of the mean. Oxygen 
isotopes have relatively high quoted uncertainty due to high background readings and 
smoothing (C. Allen, personal communication, 2010). 
Geochronology 
 Four samples from the batholith were selected for zircon U/Pb geochronology. 
Samples were crushed using a steel jaw crusher and a disc mill. Zircon was separated by 
density, using a water table and heavy liquids. A Frantz magnetic separator was used for final 
separation, using the magnetic property of the grains. Zircons were then selected under a 
binocular microscope for size, morphology, and the absence of cracks and inclusions. 
Zircons from each sample contain few inclusions and lack apparent cores or rims reflecting 
inheritance. Selected grains were thermally annealed for 72 hours at 900°C (Mattinson, 2005) 
and chemically abraded in 29 M HF acid at 180°C for 12 hours to remove areas exposed to 
Pb loss (modified from Mundil et al., 2004). Zircons were removed from chemical abrasion 
and washed with HNO3 and H2O to remove HF acid from the surface of the zircon grains. 
Zircon grains were grouped based on size and morphology and separated into separate 
fractions for analysis. Fractions were dissolved in 29 M HF acid and spiked using a 205Pb-
233U-236U tracer (Krogh, 1973; Parrish and Krogh, 1987). Aliquots were passed through 
anion exchange chromatography to isolate U and Pb. Isotopic analyses were run on the VG 
Sector 54 thermal ionization mass spectrometer at the University of North Carolina at Chapel 
Hill. Uranium was loaded on single Re filaments in graphite and H3PO4 and run as a metal. 
Lead was loaded in silica gel on single Re filaments and run as a metal. Uranium and lead 
were analyzed using a single-collector Daly ion-counting system. Isotopic data were reduced 
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using Tripoli™ and standard errors are reported at 2! confidence intervals. Ages were 
calculated using the PbMacDat-2 program by D.S. Coleman using algorithms from Ludwig 
(1990, 1989) and Isoplot v. 3.00 (Ludwig, 2003). Decay constants used are 238U = 1.55125 x 
10-10 a-1 and 235U = 9.8485 x 10-10 a-1 (Steiger and Jäger, 1977). 
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Chapter 4 
Results 
Field relationships and sampling
The Virgin Islands batholith encompasses a large area (~ 250 km2) of felsic plutonic 
rocks on the northeastern corner of the Caribbean plate. The lack of three-dimensional 
exposure within the batholith complicates efforts to determine the orientation and structure of 
the batholith. Field observations suggest that the batholith is compositionally heterogeneous 
with a number of small bodies of gabbro, quartz diorite, tonalite, and granodiorite. The 
batholith has been interpreted to represent a single Eocene magmatic episode, but includes at 
least four suites of differing age and character. Here we describe new field observations and 
provide names for these bodies (Fig. 3). The bodies are named and grouped by their 
compositions and geographic distribution, but we have not attempted new mapping and use 
these groupings only to facilitate discussion. 
The North Sound suite of northeastern Virgin Gorda is a fine-grained, heterogeneous, 
felsic body. The suite includes subunits of quartz diorite, tonalite, and granodiorite. Pervasive 
mafic enclaves appear in granodiorite members on the southwestern side of the suite, near the 
Valley. 
 On western Virgin Gorda, near Little Dix Bay, a subunit of heterogeneous 
hornblende gabbro displays local modal layering, textural coarsening, and orbicular 
structures. Textural and geochemical evidence suggest this gabbro is a cumulate. The gabbro 
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may represent the southernmost extent of the North Sound suite or the easternmost extent of 
the Beef Island suite based on geochemical relationships.  
The Beef Island suite crops out on Beef, Scrub, Tortola, Great Camanoe, and Little 
Camanoe Islands. The suite is composed of granodiorite on Beef Island and a fine-grained 
tonalite on the Camanoe islands. Orthogonal, steeply dipping, north- and east-striking mafic 
dikes cut the tonalite on Little Camanoe.  
The Baths suite, a relatively homogenous hornblende granodiorite with local 
hornblende foliation, crops out in southern Virgin Gorda and on Fallen Jerusalem Island. A 
north-striking fault zone near Copper Mine Point cuts the Baths suite and is on strike with a 
shear zone that cuts through the isthmus east of Little Dix Bay.  
Sheets of tonalite, diorite, and basalt with interleaved metamorphic wall-rock screens 
characterize the Peter Island suite on Peter and Norman Islands. These screens strike roughly 
north with near vertical dip, and range in thickness from 1 to 4 m. Tonalite sheets on Norman 
Island exhibit internal contacts with chilled margins and include granodiorite xenoliths 
resembling the Baths suite, suggesting that the Peter Island suite may cut the Baths suite.  
Major- and trace-element geochemistry 
Components of the Virgin Islands batholith range from gabbro to granodiorite (Table 
1; Figs. 4-7). Silica content is bimodal, ranging from 43-53 and 62-76 wt% with K2O ranging 
from 0.09-2.14 wt%. The highest silica concentrations, VG-02 and LC-12B, are from the 
North Sound and Beef Island suite, respectively. The low silica end-member, VG-09B, is a 
cumulate located at Little Dix Bay Samples from the Peter Island suite stand out from the 
main geochemical trends with more enriched Ba, Sr, and Cr and less enriched in Zr, Sc (Fig. 
5).  
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Figure 1: Major-element variations compared with SiO2 for the Virgin Islands batholth. Major-elements 
in weight percent. 
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Figure 2: Trace-element variations with SiO2 for the Virgin Islands batholith. Major-elements in weight 
percent, trace elements in parts per million.
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Rare-earth element (REE) concentrations normalized to chondrite show significant variation 
throughout the batholith (Fig. 6). Four distinct patterns are identifiable as follows: positive 
Eu anomalies (Eu enrichment), negative Eu anomalies (Eu depletion), flat, and concave-up 
(light REE enriched and heavy REE depleted). A hornblende gabbro from the southwestern 
edge of the North Sound suite at Little Dix Bay, with 42 wt% SiO2, is the only sample with a 
positive Eu anomaly. Granodiorites and tonalites from the North Sound and Beef Island 
suites exhibit negative Eu anomalies. Samples with negative Eu anomalies exhibit a wide 
range in heavy REE enrichment. Flat REE patterns only occur in samples with SiO2 less than 
55 wt%. The granodiorite and tonalite of the Baths and Peter Island suites to the south 
display concave-up patterns. Concave-up patterns show a wide range in heavy REE 
enrichment, similar to samples with negative Eu anomalies. 
Multi-element diagrams normalized to primitive mantle (Fig. 7; Sun and 
McDonough, 1989) show that the felsic bodies of the batholith are relatively depleted in Nb, 
Ta, P, and Ti. The North Sound and Beef Island suites exhibit steeper troughs at Nb, Ta, P, 
and Ti relative to those of the Baths and Peter Island suites. The Baths and Peter Islands 
suites exhibit peaks at Sr not seen in samples from the North Sound and Beef Island suites. 
One sample from the Baths has a peak at Pb; values for the remaining samples are below the 
detection limit. 
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Figure 3: Chondrite-normalized rare earth element patterns for plutons of the Virgin Islands batholith. 
(Chondrite normalizing factors from Sun and McDonough, 1989). 
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Figure 4: Primitive mantle-normalized trace element patterns for pluton suites of the Virgin Islands 
batholith. (Primitive mantle-normalizing factors from Sun and McDonough, 1989)
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Whole-rock strontium and neodymium isotope geochemistry 
87Sr/86Sri and !Nd(t) are corrected to the crystallization age of the unit from which they 
belong or to the associated suite age as shown in Table 2 (Fig. 8). 87Sr/86Sri and 143Nd/144Ndi 
data overlap with date from the contemporaneous Eocene-Oligocene calc-alkaline rocks of 
Puerto Rico (Fig. 8). 87Sr/86Sri data are elevated relative to rocks of the Cretaceous calc-
alkaline and Primitive Island Arc series. The North Sound suite has distinctly higher 
87Sr/86Sri values than the younger Peter Island suite. 
Whole-rock lead isotope geochemistry 
Whole-rock Pb concentrations in all but one sample were below detection limits and 
isotopic values are presented without age correction. Isotopic growth lines for samples VG-
01, BI-26, and PI-13A were calculated; age corrected data will plot along these growth lines 
depending on the samples U/Pb ratio (Fig. 9). Plutonic rocks of the Virgin Islands batholith 
span a relatively wide range of present-day Pb isotopic values (Table 3), with 206Pb/204Pb 
(18.76-19.06), 207Pb/204Pb (15.61-15.70), and 208Pb/204Pb (38.43-38.89). Lead isotope data of 
the batholith bridge the northern Lesser Antilles and the central and southern Lesser Antilles 
fields. These data plot above the MORB field towards Atlantic seafloor sediment. The Peter 
Island suite has the lowest Pb isotopic ratios overlapping with Eocene-Oligocene calc-
alkaline rocks of Puerto Rico. 
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Figure 5: Plot of initial Nd isotope ratios plotted against initial Sr isotope ratios for the data presented in 
this study. This data is plotted against data fields for Eocene volcaniclastic sediments, Eocene-Oligocene 
volcanic and pluton rocks of the calc-alkaline association, Cretaceous volcanic and plutonic rocks of the 
calc-alkaline association, and the volcanic and plutonic rocks of the Primitive island arc association (PIA, 
Frost et al., 1998). Fields for MORB (White et al., 1987), seafloor sediments of the Barbados Ridge-
Demerara Plain (White et al., 1985), and the Lesser Antilles (White et al., 1985) are shown. Inset: 
143Nd/144Ndi vs. 87Sr/86Sri for data presented here. The field for the Mantle Array represents the spectrum 
of enriched to depleted mantle material. Samples are segregated by each plutonic suite. 
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Table 3: Whole-rock Pb isotopic data 
Sample 206 Pb   207 Pb   208 Pb   206 Pb   206 Pb   
Name 204 Pb ±2s 204 Pb ±2s 204 Pb ±2s 207 Pb ±2s 208 Pb ±2s 
VG-01 18.926 0.0053 15.698 0.0069 38.773 0.0086 1.206 0.0022 0.492 0.004 
VG-02 19.064 0.005 15.701 0.007 38.893 0.0097 1.214 0.0025 0.494 0.0051 
VG-04A 19.052 0.0035 15.670 0.0053 38.810 0.004 1.216 0.0027 0.494 0.0012 
VG-05 19.010 0.0077 15.697 0.0099 38.799 0.0121 1.211 0.0025 0.493 0.0048 
VG-06 18.946 0.0053 15.650 0.0053 38.637 0.0056 1.211 0.0011 0.494 0.0013 
VG-09B 18.850 0.0067 15.657 0.0071 38.633 0.0076 1.204 0.0012 0.491 0.0018 
LC-12B 18.918 0.0039 15.653 0.0041 38.678 0.0046 1.209 0.001 0.493 0.0012 
PI-13A 18.953 0.0056 15.631 0.0049 38.695 0.0059 1.212 0.0034 0.493 0.0016 
PI-13B 18.763 0.0037 15.611 0.004 38.432 0.004 1.202 0.0012 0.492 0.001 
NI-14A 18.929 0.0065 15.628 0.007 38.635 0.0069 1.211 0.0013 0.493 0.0016 
VG-22 18.943 0.0064 15.662 0.0065 38.700 0.0067 1.209 0.001 0.493 0.0012 
VG-24 18.953 0.0071 15.679 0.006 38.781 0.0089 1.209 0.0028 0.492 0.0028 
BI-26 19.003 0.0048 15.661 0.0051 38.706 0.0055 1.213 0.0013 0.494 0.0019 
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Figure 6: Plot of present-day Pb isotope compositions for data presented in this study. Colored lines in A 
show the slope of radiogenic growth that has taken place between crystallization and present day for 
samples VG-01, BI-26, and PI-13A. Initial lead compositions will plot at lower values along these lines 
based on each sample’s U/Pb ratio. Data is plotted against present-day compositions of Eocene-Oligocene 
volcanic and plutonic rocks of the calc-alkaline association, Cretaceous volcanic and plutonic rocks of the 
calc-alkaline association, and the volcanic and plutonic rocks of the primitive island arc association 
(Frost et al., 1998). Also shown are fields for present-day Pb isotopic compositions of MORB (White et 
al., 1987), seafloor sediments of the Barbados Ridge-Demerara Plain (White et al., 1985), the Lesser 
Antilles (White and Dupre, 1986; Davidson, 1986, 1987), and the Water Island Formation of the Virgin 
Islands (Donnelly et al., 1971).  
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U-Pb zircon geochronology 
U-Pb zircon geochronology samples were collected from the North Sound, Beef 
Island, Baths, and Peter Island suites (Table 4). For each sample, there is a cluster of analyses 
represented by three or more overlapping data points. The range in 206Pb/238U ages and the 
concordia age of the cluster is reported. Ages from this study suggest an emplacement history 
spanning at least 13 m.y., from 43.56-30.6 Ma (Fig. 10).  
North Sound suite 
Four concordant fractions of the quartz diorite phase of the North Sound suite, VG-
01, span from 43.53-43.62 Ma. These four fractions, together, yield an age of 43.56 ± 0.08 
Ma (MSWD = 0.082).  
Beef Island suite 
Four concordant fractions of BI-26, the tonalite phase of the Beef Island suite, span 
from 42.29-42.43 Ma (Fig. 10). LA-ICP-MS of seven zircon grains from BI-26 provides a 
weighted age of 42.55 ± 0.44 Ma (MSWD = 0.27; C. Allen, personal communication, 2010). 
The Baths suite 
VG-05 (granodiorite) and VG-06 (tonalite), two geochemically and spatially distinct 
samples from the Baths suite, yield overlapping ages at approximately 37.6 Ma (Fig. 10). 
Fractions from these two samples span from 37.37-37.72 Ma. Six concordant fractions of 
VG-05 cluster and yield an age of 37.62 ± 0.05 Ma (MSWD = 0.53). Two concordant 
fractions of VG-06 cluster at 37.6.  
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Peter Island suite 
The diorite phase of the Peter Island suite, PI-13A, yields two concordant and two 
normally discordant fractions of PI-13A spanning 30.62-30.83 Ma, with a 206Pb/238U 
weighted average of 30.6 Ma (Fig. 10). This age is corroborated by LA-ICP-MS of 11 grains 
from PI-13A giving a weighted mean age of 30.64 ± 0.46 Ma (MSWD = 1.09; C. Allen, 
personal communication, 2010). One concordant fraction gives an older age of 32.5 Ma, 
interpreted to reflect inheritance of zircon cores from earlier magmas.  
Zircon hafnium and oxygen isotopes 
Zircon !Hf(t) and "18O were analyzed for geochronology samples of the North Sound, 
Beef Island, Baths, and Peter Island suites (Table 5; Fig. 11). Initial !Hf(t) values range from 
11.1 to 15.3 and "18O values range from 4.3-6.9 per mil. Generally, !Hf(t) decreases and "18O 
increases with age. The North Sound, Beef Island, and Baths suites plot within or below the 
"18O field for zircon in equilibrium with mantle-derived melts (Valley et al., 2005). Zircons 
from the Peter Island suite plot above this field towards crustal values.  
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Figure 7: 
Conventional 
U/Pb 
Concordia 
diagrams for 
weighted 
206Pb/238U for 
zircons 
analyzed in 
this study for 
individual 
samples of the 
North Sound, 
Beef Island, 
Baths, and 
Peter Island 
plutons. Ages 
reported are 
weighted 
mean 
206Pb/238U ages 
for a cluster of 
three or more 
points and are 
known to the 
2-sigma 
confidence 
interval. Data 
procession 
and age 
calculations 
were 
completed 
using the 
software 
PbMacDat-2 
by D.S. 
Coleman 
using the 
algorithms of 
Ludwig 
(1989,1990) 
and diagrams 
were 
constructed 
using Isoplot 
v.300 
(Ludwig, 
2003).
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Figure 8: Plot of !Hf(t) vs. "18O values for zircons of this study. Data from samples of each pluton are 
assigned the same symbol. Error bars depict 1# analytical uncertainty. Mantle zircon field represents the 
range of values for zircons in equilibrium with mantle-derived melts (Valley et al., 2005). VSMOW, 
Vienna standard mean ocean water. 
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Chapter 5 
Discussion 
Trace-element geochemistry 
The Virgin Islands batholith comprises a bimodal suite of plutonic rocks. 
Intermediate compositions, 53 to 62 wt% SiO2, are either not exposed or were not sampled. 
Mafic members within the batholith have consistently flat REE patterns (Fig. 6). The 
character of REE patterns relative to chondrite in the felsic rocks changes with time and falls 
into two distinct groups. The North Sound and Beef Island suites, 43.6 Ma and 42.4 Ma 
respectively, display similar patterns. Both suites share negative Eu anomalies and similar 
enrichments in the light REE (Fig. 6). This REE pattern is suggestive of the removal of 
plagioclase from these granitic magmas via either fractional crystallization or partial melting 
of a plagioclase-rich parental body producing mafic cumulates or restites, respectively, in the 
lower crust (Rudnick, 1992).  
Sample VG-09B, a mafic body on western Virgin Gorda at Little Dix Bay, exhibits a 
depleted REE pattern relative to chondrite that has a pronounced positive Eu anomaly (Fig. 
6). This hornblende gabbro, with 42 wt% SiO2 and high modal plagioclase, displays local 
modal layering, textural coarsening, and orbicular structures. Geochemical and petrographic 
features suggest this sample is a gabbroic cumulate (Beard and Day, 1988; Beard and Barker, 
1989). A petrogenetic relationship is possible between VG-09B and granitic bodies of the 
North Sound or Beef Island suites. Mixing between plutons of the North Sound or Beef 
Island suite with VG-09B produces REE patterns that roughly parallel average arc basalt 
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(Fig. 12; Peate et al., 1997). The granodiorite plutons of the North Sound suite require VG-
09B to comprise ~90% of the bulk composition in order to remove Eu anomalies, whereas 
the Beef Island suite requires VG-09B to compose 90-95% of the bulk composition. 
Calculated bulk compositions are depleted relative to average arc basalt but roughly parallel 
the basalt REE pattern. These calculated bulk compositions are likely too depleted to 
represent real parental magma compositions and a direct relationship between the gabbroic 
cumulate, VG-09B, and the granodiorites of either the North Sound or Beef Island suites is 
unlikely. 
REE patterns of the Baths and Peter Island suites, 37.6 and 30.6 Ma respectively, 
differ from those of the older North Sound and Beef Island suites. These younger suites are 
enriched in light REE and relatively depleted in heavy REE, creating a concave-up pattern 
(Fig. 6). The Peter Island suite appears to be slightly less enriched relative to the Baths suite. 
This concave-up pattern is suggestive of anatectic melting of an amphibolite source (Beard, 
1995; Annen et al., 2006; Davidson et al., 2007; Brophy, 2008). The variation in REE 
patterns correlates to a spatio-temporal distribution within the batholith. Early magmatism 
demonstrates negative Eu anomalies within a flat REE enrichment pattern and late-stage 
magmatism exhibits HREE depletion relative to the LREE. This spatio-temporal pattern 
reflects a transition in the processes producing granitic magmatism in the Virgin Islands 
batholith through time.  
Davidson et al. (2007) demonstrated the use of Dy/Yb and La/Yb versus SiO2 to 
differentiate between fractionation trends in arc magmas. Negative correlations of Dy/Yb and 
positive correlations of La/Yb with SiO2 indicate the control of amphibole as opposed to flat 
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Figure 9: Plot of REE patterns normalized to chondritic values (Sun and McDonough, 1989). Shown are 
mixing compositions between the cumulate gabbro (VG-09B) and rocks oft he Beef Island suite (LC-12B, 
upper left; BI-26, upper right) and the North Sound suite (VG-04A, lower left; VG-22, lower right). Also 
shown is average arc basalt (Peate et al., 1997).  Mixing compositions were calculated to determine a 
parent rock composition assuming the cumulate gabbro was directly related to a granodiorite of the 
North Sound or Beef Island suite. Compositions were mixed to remove the negative Eu anomalies of the 
North Sound and Beef Island granodiorites. Calculated compositions approximately parallel average arc 
basalt composition but are depleted by nearly an order of magnitude. 
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correlations created by gabbroic (plagioclase-olivine-clinopyroxene) fractionation (Davidson 
et al., 2007). The Virgin Islands batholith demonstrates a distinct negative correlation 
between Dy/Yb and SiO2 (Fig. 13), suggesting that amphibole fractionation has played a 
significant role in the production of magmas supplying the batholith. However, La/Yb 
variation within the batholith is not consistent. The North Sound and Beef Island suites 
exhibit relatively flat differentiation trends consistent with gabbroic fractionation, whereas 
the Baths and Peter Island suites display increasing La/Yb with SiO2 consistent with 
amphibole fractionation trends (Fig. 13; Davidson et al., 2007). These results show a 
temporal variation in differentiation trends within the Virgin Islands batholith with early 
magmatism dominated by plagioclase fractionation producing the negative Eu anomalies in 
the felsic intrusive of the North Sound and Beef Island suites. The late stage magmatism of 
the Baths and Peter Island suites appear to lack the influence of plagioclase fractionation. 
This difference in differentiation trends between early and late stage magmatism may reflect 
changing conditions during the time of emplacement as the arc crust continued to thicken.
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Figure 10: Plot of Si02 concentration (wt. %) vs. La/Yb ratio (A) and Dy/Yb ratio (B). Data shown are 
segregated for each plutonic suite. Also shown are the approximate fractionation trends for amphibole 
(am) and gabbro (ol:plag:cpx) after Davidson et al., (2007).
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Isotope geochemistry 
Strontium and Nd isotopic values within the Virgin Islands batholith are relatively 
less evolved in comparison to other arc magmas depicted in Figure 8. These primitive values 
suggest a largely mantle-derived origin with little incorporation of isotopically evolved 
crustal material or influence from sediment or slab derived fluids. However, recycling of 
early magmatic products is likely as evidenced by inherited zircon ages from the North 
Sound and Peter Island suites.  
Frost et al. (1998) characterized the Cretaceous and Paleogene volcanic and plutonic 
rocks from Puerto Rico using Nd, Sr, and Pb isotopic data and grouped them in relation to 
the primitive island arc and calc-alkaline associations. These associations were used to 
separate three subgroups: the primitive island arc samples; the Cretaceous calc-alkaline 
samples; and the Eocene-Oligocene calc-alkaline samples. The primitive island arc 
association is distinguished by radiogenic initial Nd ratios, Pb isotopic ratios ranging from 
MORB-like unradiogenic to more radiogenic Pb isotope ratios. The Cretaceous calc-alkaline 
rocks have slightly less primitive initial Nd isotope ratios. The Eocene-Oligocene rocks have 
roughly similar initial Nd isotope compositions and more radiogenic initial Sr isotope 
compositions than the Cretaceous primitive island arc and calc-alkaline associations. 
Similar to the Eocene-Oligocene calc-alkaline association in Puerto Rico, the Virgin 
Islands batholith has elevated 87Sr/86Sri relative to the Cretaceous calc-alkaline and primitive 
island arc association. This variation is likely due to incorporation of slab or sediment-
derived fluids carrying fluid mobile large ion lithophile elements including isotopically 
enriched Sr. Within the batholith, there is little isotopic variation; however, the older North 
Sound and Beef Island exhibit elevated 87Sr/86Sri values relative to the younger Baths and 
!"# 
Peter Island suites. Why this enrichment would decrease with time is unclear; however, this 
internal variation may be the result of decreased incorporation of subduction-derived fluids in 
the genesis of the batholith over time as subduction transitioned from perpendicular to 
oblique and on to sinistral transtension. 
Modern whole-rock Pb isotope values of Cretaceous, Eocene, and Oligocene calc-
alkaline rocks of Puerto Rico and the Virgin Islands overlap with Plutonic rocks of the Virgin 
Islands batholith; however, values from the batholith extend to more isotopically enriched Pb 
isotope values overlapping with data from the northern Lesser Antilles volcanic rocks (Fig. 
9). The Cretaceous Water Island Formation is significantly less isotopically enriched than the 
Virgin Islands batholith, overlapping the field of MORB values. The central and southern 
Lesser Antilles extends to Pb isotope compositions that are greatly enriched relative to those 
of the Virgin Islands batholith. The Pb isotopic character of Lesser Antilles lavas show a 
decrease in Pb isotopic values from south to north that has been interpreted to reflect a 
decrease in the amount of subducted terrestrial-derived sediments and arc crust incorporated 
into the arc magmas (Davidson, 1987; White and Dupré, 1986). Frost et al. (1998) concluded 
the amount of terrigenous material incorporated into Puerto Rican arc magmas was similar to 
or slightly greater than the amount incorporated into arc magmas of the northern Lesser 
Antilles. This conclusion is consistent with Pb isotopic values from the Virgin Islands 
batholith; however, within the Virgin Islands batholith lead isotopic values of the suites 
appear to become less enriched with age, most notably between the North Sound and Peter 
Island suites. This trend mimics that seen in the 87Sr/86Sri values and supports the hypothesis 
that the incorporation of crustal material or subduction-derived fluids decreased with time in 
the Virgin Islands batholith.  
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Zircon !Hf(t) and "18O data support derivation of the Virgin Islands batholith from a 
mantle-derived source (Fig. 11). A narrow range of "18O (5.3±0.3 per mil) values 
characterizes zircon in equilibrium with mantle-derived melts; values greater than 5.6 per mil 
indicate incorporation of isotopically enriched crustal components (Valley et al., 2005; Kemp 
et al., 2007). The Virgin Islands batholith exhibits increasing "18O with decreasing !Hf(t) and 
age (Fig. 11). Older suites express "18O values of zircon in equilibrium with those that are 
characteristic of mantle-derived melts whereas younger suites exhibit increasingly more 
positive "18O values and lower !Hf(t), evidence of increasing incorporation of crustal 
components. Zircons with values plotting below the field of values in equilibrium with 
mantle-derived melts trend toward VSMOW and may be contaminated by meteoric sources 
(Bindeman, 2008). Within the batholith !Hf(t) and !Nd(t) appear not to agree (Fig. 14). 
Continental crust should evolve towards more negative !Nd(t) and !Hf(t) values; however, the 
younger continental-like Baths suite has more positive !Nd(t) and slightly less positive 
!Hf(t)values creating a slope that is opposite that of what should be expected of maturing arc 
crust. This could be the result of a decoupling of the Hf and Nd isotopic systems if garnet 
was present during melting. Melting with garnet present would preferentially retain Lu and 
Hf relative to Sm and Nd and potentially changing the dynamics of !Nd(t) whole rock and 
!Hf(t) zircon correlations (Rubatto and Hermann, 2007)). 
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Figure 11: Plot of whole rock !Nd(t) vs. zircon !Hf(t) for selected samples the North Sound (VG-01), Beef 
Island (BI-26), and the Baths (VG-05, VG-06) suites. The Peter Island suite is excluded due the lack of 
whole rock !Nd(t) values. 
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Emplacement of the batholith 
Early studies suggested that the Virgin Islands batholith was emplaced in a single 
Eocene event (Longshore, 1965; Helsley, 1971). However, U-Pb geochronology from this 
study demonstrates that the batholith was emplaced over a period of !13 m.y. (Fig. 10). The 
batholith becomes younger to the south-southwest with an apparent lateral magmatic 
migration rate of approximately 1.8mm/yr. Kesler and Sutter (1979) reported a hornblende 
Ar-Ar total gas age of 24.3 Ma for a quartz diorite in the Narrows, between Tortola and St. 
John (Fig. 3). If this age represents a crystallization age, it extends the duration of 
emplacement to approximately 19 m.y. and continues the trend of younging magmatism to 
the south-southwest.  
Helsley (1960) originally described the emplacement of the batholith as a series of 
large sill-like sheets intruded parallel to the bedding of metasedimentary rocks. Helsley 
(1960) and Longshore (1965) made this interpretation based on stratification of gabbros and 
diorites that now appear to be vertical or overturned with an attitude similar to bedding of 
metasedimentary rocks. After the batholith was emplaced, regional deformation created a 
northward dipping homocline with the dip of metasedimentary rocks systematically varying 
south to north from 50°S (overturned) to 15°N (Helsley, 1971). Helsley (1971) supported this 
interpretation with rock magnetism measurements on dikes and batholithic rocks showing a 
minimum rotation of metasedimentary rocks 80 to 90° about an axis approximately parallel 
to strike (N70°W to N60°E).  
The Peter Island suite is a series of mafic, tonalite, and diorite sheets with internal 
chilled margins suggesting its emplacement in a shallow sub-volcanic system. This 
observation implies the Peter Island suite was not emplaced by the same mechanism as the 
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rest of the batholith or the batholith itself was not emplaced as a downward stacking sill 
complex.  
The spatio-temporal pattern of emplacement within the Virgin Islands may be 
explained by an alternative model. Subduction erosion of the fore-arc provides an effective 
mechanism in which to transport intrusive bodies trenchward (von Huene and Scholl, 1991). 
During the formation of the batholith, a trench was located to the north-northeast of the 
present day Virgin Islands (Jolly et al., 1998b). Trenchward migration would create a south-
southwest migration of magmatism within the Virgin Islands batholith. The lateral migration 
of magmatism within the batholith is consistent with subduction erosion at a trench to the 
northeast of the present day Virgin Islands. Crustal recycling caused by subduction erosion at 
the forearc may provide a mechanism by which crustal materials were incorporated into the 
magmas that created the Virgin Islands batholith. The transition from perpendicular and 
oblique subduction to sinistral transtension along the Puerto Rico trench likely resulted in 
decreased recycling of the forearc during the production of the Virgin Islands batholith. This 
decrease in isotopically enriched material incorporated into subduction-derived fluids may 
correlate to the observed decrease in the isotopic enrichment of Sr and Pb between the older 
North Sound and Peter Island suites. 
Continental crust formation 
The processes controlling the distillation of the continental crust from the mantle 
remain heavily debated. Early hypotheses for the creation of felsic continental crust suggest a 
single-stage process dominated by magmatic differentiation from mafic magmas (Bowen, 
1928). Recent models suggest a multi-stage process involving hydration and partial melting 
of mafic crustal rocks, intracrustal differentiation, hybridization, crustal reworking, chemical 
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weathering of surface rock, subduction of these sediments and altered oceanic crust, and 
delamination of dense mafic lower crustal residues (Rudnick, 1995; Albarède, 1998; Annen 
et al., 2006; Lee et al., 2006). 
Models of continental crust formation are based on observations of upper crustal 
rocks and lower crustal models based on exposed granulite terranes, seismic velocities, and 
heat flow observations (e.g. Weaver and Tarney, 1984; Rudnick and Fountain, 1995; Taylor 
and McLennan, 1995; Wedepohl, 1995). These models estimate andesitic bulk compositions 
created by the accretion of oceanic island arcs; however, these arcs are dominated by mafic 
end-members. 
The trondhjemite-tonalite-granodiorite (TTG) series that dominates Achaean cratons 
marks the transition from early mafic crustal components to more felsic continental crust 
(Rapp et al., 1991; Rudnick, 1995; Smithies et al., 2003). Tonalites and granodiorites of the 
Virgin Islands batholith are similar to the average Achaean TTG with respect to major- and 
trace-element variations and are less enriched in incompatible trace elements relative to 
modern upper continental crustal average. However, Achaean TTG compositions are 
enriched in incompatible trace-elements and light REE but depleted in heavy REE relative to 
the Virgin Islands batholith (Fig. 15-16).  
On average, the granitic rocks of the Virgin Islands batholith have continental-like 
trace-element signatures (Fig. 16). Variations from average continental crust and upper 
continental crust show that the batholith is depleted in Cs, Nb, and Ta as well as the light 
REE. Depletion of Nb and Ta are typical of subduction-derived magmatism and depletion of 
Nb relative to the light REE is indicative of crustal growth at convergent margins as opposed 
to intraplate settings (Barth et al., 2000). Whereas the granitic rocks of the Virgin Islands 
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Figure 15: Plot of rare earth element patterns for granodiorites of the Virgin Islands batholith 
normalized to average continental crust (Rudnick and Fountain, 1995). Also shown are the average upper 
continental crust (Taylor and McLennan, 1985), average Achaean TTG (Drummond et al., 1996), and 
average arc basalt (Peate et al., 1997). 
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Figure 16: Plot of trace-element patterns of the granitic rocks of the Virgin Islands batholith normalized 
to A) average continental crust (Rudnick, 1995), B) upper continental crust (Taylor and McLennan, 
1985), C) average TTG (Drummond et al., 1996), and D) average arc basalt (Peate et al., 1997). Trace-
element order after Sun and McDonough (1989).
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batholith are depleted in Cs, Nb, and Ta, and ratios of La/Nb and Nb/Ta resemble bulk and 
upper continental crust values while maintaining more primitive Nb concentrations (Fig. 17; 
Barth et al., 2000).  
The Virgin Islands batholith becomes more like continental crust over time with 
respect to REE and trace element patterns. Early granodiorites resemble average arc basalts 
and largely parallel trace element patterns whereas late-stage granodiorites resemble 
continental crust. REE patterns of the younger Baths and Peter Island suites roughly parallel 
average continental crust (Fig. 15). This temporal trend can be seen using the Rb/Lu ratio 
across the suites of the batholith, which become progressively more like continental crust 
with age (Fig. 18). Early granodiorites of the Virgin Islands batholith resemble basalts 
whereas late-stage granodiorites evolve towards average upper continental crust values.  
Exposure of middle and lower crustal plutonic rocks in oceanic island arcs also occur 
in Talkeetna, Alaska (e.g. Beard and Barker, 1989; DeBari and Sleep, 1991; Greene et al., 
2006); Kohistan, Pakistan (e.g. Khan et al., 1993; Jagoutz et al., 2006; Jagoutz et al., 2009); 
and Fiji (Gill and Stork, 1979; Stork, 1984). Compositions within the Virgin Islands batholith 
overlap consistently with these plutonic rocks, with minor variations in the incompatible 
elements (Fig. 19). Evidence from the Virgin Islands batholith and global oceanic arc 
terranes of the Greater Antilles, Talkeetna, Kohistan, Fiji, and the Scotia arc demonstrate the 
ability of mature oceanic island arcs to produce continental-like granites. These terranes are 
composed of granites with similar major- and trace-element compositions (Fig. 19) and are 
generally less enriched in incompatible elements than average upper crustal compositions.  
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Figure 17: Plot of Nb concentration vs. Nb/Ta ratio (upper panel) and La/Nb ratio (lower panel) for the 
plutonic rocks of the Virgin Islands batholith after Barth et al., 2000. Also shown are the chondritic 
ratios (gray bars; Jochum et al., 1997; McDonough and Sun, 1995), the upper continental crust (black 
empty star) and average continental crust (black filled star) values of Barth et al. (2000); and the upper 
continental crust (purple diamond) of Taylor and McLennan (1985). 
!"# 
 
Figure 12: Plot of age (Ma) vs. Rb/Lu ratio)for the granodiorite bodies of the Virgin Islands batholith. 
Granodiorites of the Virgin Islands batholith become progressively more crustal with time. Data is 
compared to Rb/Lu values for average upper continental crust (Taylor and McLennan, 1985) and 
average arc basalt (Peate et al., 1997).  
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Figure 19: Plot of SiO2 concentration vs. K2O (upper panel) and Zr (lower panel) concentrations of the 
Virgin Islands batholith compared to felsic plutonic rocks from Kohistan (Khan et al., 1993; Jagoutz et 
al., 2006, 2009), Talkeetna (Beard and Barker, 1989; DeBari and Sleep, 1991; Greene et al., 2006), and 
Fiji (Gill and Stork, 1979; Stork, 1984). K2O and SiO2 in weight percent, Zr in parts per million. 
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 Crustal additions similar to the granodiorites of the Virgin Islands batholith move the 
average composition of island arc terranes towards average continental values. However, the 
Virgin Islands batholith does not have the level of LREE enrichment needed to account for 
concentrations in average continental crust. LREE enrichment in Fiji, Talkeetna, and 
Kohistan approach or exceed the level of enrichment found in average continental crust. In 
order to derive the trace element concentrations of average continental crust from the 
granodiorites of the Virgin Islands batholith requires melting of approximately 50 percent. 
Smaller degrees of melting will produce trace element concentrations that are enriched 
relative to average continental crust. 
Evidence from these arc terranes suggest long-lived oceanic island arcs evolve 
towards continental-like compositions producing isotopically primitive granitic plutons at 
mid-crustal depths and contributing to crustal thickness and maturation of oceanic island arcs 
(Hamilton, 1981; Jagoutz, et al., 2009). This continental-like crust is likely a precursor or 
nascent form of continental crust that has yet to undergo further differentiation during 
continued arc magmatism and reworking during arc accretion.
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Chapter 6 
Conclusions 
The Virgin Islands batholith was emplaced over a period of at least 13 m.y., from 
43.6 to 30.6 Ma. Emplacement occurred either as a series of downward stacking sills or as a 
series of dike-like intrusion that migrated trenchward during subduction erosion, creating the 
current pattern of lateral south-southwest migration.  Structural and paleomagnetic 
evaluations of the batholith are needed for a more precise correlation of spatial and temporal 
data, leading to a more comprehensive model of emplacement. 
The spatio-temporal pattern within the batholith is accompanied by a transition in 
REE patterns with early magmatism characterized by negative Eu anomalies and younger 
magmatism by heavy REE depletion. Dy/Yb correlations with silica indicate that magmatism 
fueling the Virgin Islands batholith originated from anatectic melting of stockpiled basalts or 
amphibolites at lower and mid-crustal depths. Plagioclase fractionation in the early 
magmatism that created the North Sound and Beef Island suites produced negative Eu 
anomalies.  
Strontium and Nd whole-rock isotopic data along with zircon Hf and O isotopic data 
demonstrate the primitive nature of the Virgin Islands batholith. These primitive values 
indicate mantle-derived sources with minimal incorporation of crustal components with 
enriched isotopic character. Zircon Hf-O isotopic data suggest increased incorporation of 
crustal components throughout evolution of the batholith.  
!"# 
Granitic rocks of the Virgin Islands batholith become progressively more like 
continental crust through time. This is demonstrated by the spatio-temporal evolution of REE 
and trace-element patterns that evolve from basalt-like toward average continental crust. 
These nascent crustal rocks represent a unique stage in the development of continental crust 
and carry similarities to both end of the crustal spectrum.  
The Virgin Islands batholith is similar in composition to global accreted oceanic 
island arc terranes. Granitic plutons with primitive isotopic compositions are emplaced at 
mid-crustal depths within these arcs and approach the levels of incompatible enrichment 
found in average continental crust. Oceanic island arcs mature toward typical continental 
crust and represent the nascent stages of continent building requiring isotopic enrichment and 
further incompatible element enrichment during accretion and continued continental arc 
magmatism.
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Appendix: 
Locations and descriptions of samples collected. Rock names after IUGS QAP 
classification.  
VG-01  LAT (N)   18°29'12.24"  LONG (W) 64°23'18.87" 
Virgin Gorda. Along road cut by the Police Station in North Sound.  
Quartz diorite. Plagioclase (78.6%), quartz (8.3%), and amphibole (3.8%) with secondary 
sericite and chlorite (9.3%). 
VG-02  LAT (N)  18° 29' 48.92" LONG (W)  64° 23' 9.49" 
Virgin Gorda. Behind grocery store in Leverick Bay. 
Fine-grained tonalite. Plagioclase (47.9 %), quarts (34%), potassium feldspar (8.1%), 
amphibole (18%), and opaque mineral (2.7%). Iron staining, sericite, chlorite (3.9%), and 
altered biotite.  
VG-03A LAT (N)  18° 29' 31.22" LONG (W)  64° 24' 1.26" 
Virgin Gorda. Along dirt road cut west of South Sound. Heavily faulted heterogeneous unit 
with veins of amphibole, epidote, and felsic dikes. 
Tonalite. Plagioclase, quartz, potassium feldspar and opaque minerals. Secondary chlorite 
alteration and iron oxidation.  
VG-03B LAT (N)  18° 29' 31.22" LONG (W)  64° 24' 1.26" 
Virgin Gorda. Along dirt road cut west of South Sound. Heavily faulted heterogeneous unit 
with veins of amphibole, epidote, and felsic dikes. 
Amphibole veins in VG-03A. Amphibole, plagioclase, opaques, and quartz. Chlorite 
alteration. 
VG-03C LAT (N)  18° 29' 31.22" LONG (W)  64° 24' 1.26" 
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Virgin Gorda. Along dirt road cut west of South Sound. Heavily faulted heterogeneous unit 
with veins of amphibole, epidote, and felsic dikes. 
Mafic dike. Amphibole, plagioclase, biotite, opaque minerals, Secondary chlorite alteration. 
VG-04A LAT (N)  18° 29' 53.48" LONG (W)  64° 24' 26.71" 
Virgin Gorda. Along dirt road on the western coast of Virgin Gorda north of Plum Tree Bay.  
Tonalite with enclaves (variable). Color index increases to the south. Plagioclase (58.8%), 
quartz (25%), biotite (3.4%), amphibole (2.6%) and opaque minerals (1.8%). Chlorite (7.4%) 
and sericite (1%) alteration.  
VG-04B LAT (N)  18° 29' 53.48" LONG (W)  64° 24' 26.71" 
Virgin Gorda. Fine-grained enclave in hornblende tonalite (VG-04A). Plagioclase, quarts, 
amphibole, and opaque minerals. Secondary chlorite.   
VG-05  LAT (N)  18° 25' 35"  LONG (W)  64° 26' 42.61" 
Virgin Gorda. South shore at the Baths facing Fallen Jerusalem. 
Aphaeretic granodiorite with enclaves (variable). Plagioclase (46.6%), quartz (26%), 
potassium feldspar (13%), biotite (8.2%), amphibole (2.8%), and opaque minerals (>1%). 
Secondary chlorite alteration (2.8%). 
VG-06  LAT (N)  18° 26' 29.07" LONG (W)  64° 26' 18.13" 
Virgin Gorda. Construction site south of the bulk food market near the Baths. 
Tonalite. Zoned plagioclase (59%), quartz (20.8%), potassium feldspar (6.4%), biotite 
(6.4%), amphibole (4%), and opaque minerals (1.8%). Secondary chlorite alteration (1.6%). 
VG-07  LAT (N)  18° 25' 58.87" LONG (W)  64° 25' 30.03" 
Virgin Gorda. Along road at Copper Mine Point. 
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Tonalite. Heavily fractured and altered. Plagioclase (54.8%), undulose quartz (24%), 
potassium feldspar (7.2%), biotite (2.8%), foliated amphibole (3.4%), and opaque minerals 
(1.4%). Secondary chlorite alteration (6.4%). Copper and molybdenum deposits. 
VG-08  LAT (N)  18° 25' 57.50" LONG (W)  64° 25' 37.84" 
Virgin Gorda. Along road cut near Copper Mine Point.  
Tonalite with sparse enclaves (<15 cm). Plagioclase (49.6%), quartz (37.6%), potassium 
feldspar (3%), biotite (6.4%), foliated amphibole (1.4%), and opaque minerals (1%). 
Secondary chlorite alteration (<1%).Foliation dips shallowly eat-northeast 20-30° 
VG-09A LAT (N)  18° 27' 43.81" LONG (W)  64° 26' 8.27" 
Virgin Gorda. Western shoreline of Little Dix Bay. 
Fine grained equigranular hornblende gabbro. Primary plagioclase, amphibole, pyroxene, 
olivine, and opaque minerals. Heavy chlorite alteration and iron oxidation. 
VG-09B LAT (N)  18° 27' 43.81" LONG (W)  64° 26' 8.27" 
Virgin Gorda. Western shoreline of Little Dix Bay. 
Coarse grained hornblende gabbro. Plagioclase (>1cm), olivine, amphibole, and pyroxene. 
Olivine alteration with iddingsite rims. Pyroxene has lamellar twins. 
VG-09C LAT (N)  18° 27' 43.81" LONG (W)  64° 26' 8.27" 
Virgin Gorda. Western shoreline of Little Dix Bay. 
Orbicular hornblende gabbro. Orbicules have plagioclase rich centers with radiating 
amphibole and pyroxene.  
GD-10A LAT (N)  18° 28' 59.16" LONG (W)  64° 27' 42.19" 
Great Dog at the Chimneys. 
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Enclave rich granodiorite/tonalite with epidotized fault surface along contact with mafic 
sheets. Primary plagioclase, amphibole, and opaque minerals. Secondary chlorite and 
sericite. Heavily weathered. Fine grained alteration products. 
GD-10B LAT (N)  18° 28' 59.16" LONG (W)  64° 27' 42.19" 
Great Dog at the Chimneys. 
Mafic sheet in contact with enclave rich granodiorite/tonalite. Primary plagioclase, 
amphibole, and opaque minerals with secondary chlorite and sericite. 
MC-11  LAT (N)  18° 27' 39.99" LONG (W)  64° 31' 37.38" 
North shore of Marina Cay east of the dock. 
Heavily weathered with primary plagioclase, amphibole, and opaque minerals with trace 
pyroxene. Secondary chlorite, sericite, and iron oxidation. 
LC-12A LAT (N)  18° 27' 44.39" LONG (W)  64° 32' 38" 
Little Camanoe. Along north shore. 
North trending mafic dike cutting tonalite and small orthogonal mafic dike. Heavily altered 
with fine grained plagioclase and pyroxene. Secondary chlorite and sericite alteration. 
LC-12B LAT (N)  18° 27' 44.39" LONG (W)  64° 32' 38" 
Little Camanoe. Along north shore. 
Tonalite. Plagioclase (46.2%), quartz (44.6%), potassium feldspar (6.2%), and opaque 
minerals (3%). Heavy sericite alteration. 
LC-12C LAT (N)  18° 27' 44.39" LONG (W)  64° 32' 38" 
Little Camanoe. Along north shore. 
Small east-west trending mafic dike cutting tonalite and large orthogonal mafic dike. Heavily 
altered with fine grained plagioclase and pyroxene. Secondary sericite alteration. 
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PI-13A LAT (N)   18°19'55.89" LONG (W)   64°34'18.98" 
Peter Island. Southwestern shoreline facing Norman Island.  
Diorite. In contact with mafic a metamorphic sheets. Plagioclase (37.4%), quartz (1.3%). 
Trace olivine and opaque minerals. Heavily altered with sericite (49.6%), chlorite (9.2%), 
and trace calcite. 
PI-13B  LAT (N)   18°19'55.89" LONG (W)   64°34'18.98" 
Peter Island. Southwestern shoreline facing Norman Island.  
Basalt sheet in contact with diorite and metamorphic sheets. Primary plagioclase, amphibole, 
and pyroxene with secondary chlorite and sericite alteration.  
PI-13C  LAT (N)   18°19'55.89" LONG (W)   64°34'18.98" 
Peter Island. Southwestern shoreline facing Norman Island.  
Metamorphic sheet in contact with basalt and diorite sheets. Epidote, quartz veins, chlorite, 
and opaque minerals. 
NI-14A LAT (N)  18° 19' 24.06" LONG (W)  64° 35' 55.82" 
Norman Island. Eastern shoreline facing Peter Island. 
Porphyritic quartz diorite with coarse grained granodiorite xenoliths. Plagioclase 74.8%, 
quartz (9.2%), potassium feldspar (3.6%), and amphibole (8.8%). Chlorite alteration (2.2%) 
NI-14B LAT (N)  18° 19' 24.06" LONG (W)  64° 35' 55.82" 
Norman Island. Eastern shoreline facing Peter Island. 
Chilled margin of internal contacts of sheeted porphyritic quartz diorite. Ground mass 
(60.8%), plagioclase, quartz, and chlorite alteration. 
CI-15A LAT (N)   18°23'16.39" LONG (W)  64°30'47.51" 
Cooper Island. Western shore north of the dock. 
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Coarse grained tonalite. Plagioclase (49.2%), quartz (23%), amphibole (10.4%), and opaque 
minerals (1%). Secondary chlorite (14.2%) and sericite alteration. 
CI-15B LAT (N)   18°23'16.39" LONG (W)  64°30'47.51" 
Cooper Island. Western shore north of the dock. 
Heavily altered volcaniclastic unit beneath tonalite. Secondary chlorite, sericite, and iron 
oxidation. Primary plagioclase, opaque minerals, and trace olivine. 
VG-16A LAT (N)   18°29'29.00" LONG (W)   64°21'26.19" 
Virgin Gorda. North sound west of Fat Virgin café. 
Quartz diorite. Primary plagioclase (46.2%), quartz (37.4%), potassium feldspar (6.8%), 
amphibole (8.2%) and opaque minerals (1.4%). Minor secondary sericite and iron oxidation. 
VG-16B LAT (N)   18°29'27.86" LONG (W)   64°21'16.78" 
Virgin Gorda. South of Fat Virgin café on the south facing shoreline. 
Tonalite. Primary plagioclase (41%), quartz (52%), and potassium feldspar (5.6%). 
VG-17A LAT (N)   18°30'9.89" LONG (W)   64°20'55.60" 
Virgin Gorda, past Bitter End and Saba rock on the north facing shoreline. 
Tonalite. Primary plagioclase (50.2%), quartz (36.2%), potassium feldspar (1%), amphibole 
(5.4%), and trace opaque minerals. Secondary chlorite (6.2%) and sericite alteration. 
VG-17B LAT (N)   18°30'9.89" LONG (W)   64°20'55.60" 
Virgin Gorda, past Bitter End and Saba rock on the north facing shoreline. 
Volcaniclast screen. Plagioclase, pyroxene, amphibole, and opaque minerals. Iron staining 
and sericite alteration. 
VG-18  LAT (N)  18° 29' 22.09" LONG (W)  64° 22' 12.43" 
Virgin Gorda. Western side of bay in North sound along the shoreline. 
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Tonalite. Primary plagioclase (48.6%) and quartz (18.6%). Heavy chlorite (25.6%) and 
sericite alteration.  
VG-19  LAT (N)  18° 29' 22.09" LONG (W)  64° 22' 12.43" 
Virgin Gorda. Western side of bay in North sound along the shoreline. 
Heavily altered plagioclase, plagioclase, quartz, amphibole, and opaque minerals. Secondary 
sericite and minor chlorite alteration 
VG-20  LAT (N)  18° 29' 22.09" LONG (W)  64° 22' 12.43" 
Virgin Gorda. Eastern side of bay in North Sound along the shoreline. 
Heavily altered plagioclase, amphibole, and quartz. Secondary sericite, chlorite, and oxide 
alteration. 
VG-22  LAT (N)  18° 27' 21.96" LONG (W)  64° 25' 45.26" 
Virgin Gorda. The Valley, just north of Olde Yard Village. 
Enclave rich tonalite. Plagioclase (45.8%), 28.2 (%), potassium feldspar (4%), biotite (8.2%), 
amphibole (7.8%) and opaque minerals (2.4%). Secondary chlorite (3.6%) and trace epidote. 
VG-23A LAT (N)  18° 27' 59.36" LONG (W)  64° 24' 54.29" 
Virgin Gorda. Along Pond Bay road cut. 
Fine grained mafic unit north of VG-23B. Primary plagioclase, amphibole, and opaque 
minerals. Secondary chlorite and sericite alteration. 
VG-23B LAT (N)  18° 27' 59.36" LONG (W)  64° 24' 54.29" 
Virgin Gorda, Along Pond Bay road cut. 
Fine grained mafic unit south of VG-23A. Lower color index than VG-23A. Heavily 
weathered primary plagioclase, amphibole, and opaque minerals. Secondary chlorite and 
sericite. 
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VG-24  LAT (N)  18° 29' 6.07" LONG (W)  64° 24' 49.64" 
Virgin Gorda, at Mountain Trunk Bay near steeply dipping fault zone (2.5 m). 
Tonalite. Fine grained plagioclase (54.2%), quartz (15.4%), amphibole (18%) and opaque 
minerals (3%). Secondary chlorite (9.4%) and sericite alteration. 
TO-25  LAT (N)   18°26'44.05" LONG (W)   64°33'19.62" 
Tortola. Along road cut just before bridge to Beef Island 
Quartz diorite. Plagioclase (51.6%), quartz (12%), amphibole (23.8%), and opaque minerals 
(2.8%). Secondary chlorite (9.8%) and sericite alteration. 
BI-26  LAT (N)   18°26'34.96" LONG (W)   64°32'35.74" 
Beef Island. Road cut past bridge from Tortola next to the airport. 
Tonalite. Plagioclase (45.8%), quartz (30.4%), potassium feldspar (3%), amphibole (9.6%), 
biotite (8.8%), and trace opaque minerals. Secondary chlorite (2%) and sericite alteration. 
!"" 
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